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Longitudinal bending creep during desorption, which is also
referred to as mechano-sorptive creep, was measured under
various desorption conditions for moso bamboo (Phyllosta-
chys pubescens) to clarify the effect of the conditions and
the specimen part. The results showed that the mechano-
sorptive effect appeared not only in wood but also in bam-
boo, and that its effect was reduced by an increase in the
volume fraction of the bundle sheath in the cross-sectional
area. The results of this experiment suggest that mechano-
sorptive behavior is related to the amorphous matrix in
bamboo components.
Keywords: bamboo; creep; mechano-sorptive; vascular
bundle; water desorption.
Introduction
Wood and bamboo are biological materials for which their
mechanical properties in general, and their mechanical relax-
ation attributes in particular, are closely related to moisture
content (MC). Mechanical relaxation under variable moisture
conditions is the most interesting property of all (mechano-
sorptive creep). Grossman (1976) studied the phenomenon
for wood. There are two typical behaviors in this regard. The
first is considerable relaxation compared to that of constant
moisture conditions concerning the initial adsorption or
desorption processes, and second is its recovery during
adsorption following desorption. Many hypotheses have
been postulated about its mechanisms (Schniewind 1966;
Takemura 1967, 1968; Leicester 1971; Hunt 1984; Mukudai
and Yata 1986, 1987; Hunt and Shelton 1987, 1988; van der
Put 1989; Nakano 1996; Tokumoto et al. 1998). The under-
lying mechanisms, however, are not yet completely under-
stood.
The highly ordered structure of bamboo is much simpler
than that of wood. Bamboo consists mainly of the vascular
bundle and parenchyma parallel to the longitudinal direction.
The vascular bundle is sclerenchymatous fiber that makes
the bamboo framework rigid, whereas parenchyma is soft
cell that holds nutrients. The latter has different mechanical
properties from the former. Therefore, the ratio of the vas-
cular bundle to parenchyma is a very important factor for
the mechanical properties in the longitudinal direction. The
degree of relaxation should be related to the volume fraction
of the vascular bundle in bamboo material.
Chuma et al. (1990, 1991) and Ario et al. (2003) reported
that the mechanical behavior of bamboo with constant MC
could be analyzed based on the law of mixture, whereby
bamboo was regarded as a complex of the vascular bundle
and parenchyma. Aoyagi and Nakano (2009) examined the
creep behavior of bamboo at constant MC and showed that
the relationship between logarithmic compliance and loga-
rithmic time was represented by Nutting’s equation (Nutting
1921). They also found that the degree of relaxation
decreased with an increase in the volume fraction of the vas-
cular bundle, i.e., the creep behavior of bamboo was gov-
erned by the ratio of the vascular bundle to parenchyma.
The contribution of the vascular bundle or parenchyma
and the relaxation response to changes in MC are important
factors in understanding the mechanisms of mechano-sorp-
tive behavior. However, fewer studies have been published
on bamboo compared to wood. Inokuchi et al. (2002) exam-
ined the relaxation of bamboo during desorption. They found
that bamboo shows a remarkable relaxation during desorp-
tion, similar to that of wood, and that this relaxation is related
to the volume fraction of both the bundle sheath and water
extractives. These authors, however, did not discuss the con-
tribution of MC, the effects of desorption conditions, or the
volume fraction of the vascular bundle in detail. More data
from diverse viewpoints are required to clarify the mecha-
nisms of the mechano-sorptive relaxation process. Bamboo
is more suitable as a model for mechano-sorptive behavior
than wood because of its simple microstructure.
In this paper, the creep of bamboo was measured during
desorption, and the effects of the high-order structure and
desorption conditions were examined on creep behavior. The
mechanisms of mechano-sorptive behavior are discussed
based on these results.
Materials and methods
Specimens were prepared from 4-year-old moso bamboo (Phyllos-
tachys heterocycla f. pubescens) with 27 internodes. Fifth and sixth
internodes counting from the bottom of the column were investi-
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Figure 1 Macroscopic structure of a cross-section of moso
bamboo.
(a) General view of a 9 (R)=15 (T) mm section; (b) an enlarged
view of the rectangle zone in (a); and (c) a view after binary treat-
ment of (b). The upper part of the image corresponds to the outer
side.
Figure 2 Creep of the outer and inner side specimens with various
moisture contents under constant moisture conditions.
gated. Specimens were taken from the outer and inner side of the
center in a cross-section after removing the epidermis and inner
bark. The rectangular dimensions of each specimen were 90
(L)=1.5 (R)=8 (T) mm. The specimens were subjected to two
boiling treatments for 30 min under atmospheric pressure after being
injected with distilled water under vacuum to release the internal
stress. A gradual air-drying followed at room temperature for 1 week
with further drying at 608C under vacuum for 1 day. The oven-dry
weights and dimensions of the dried specimens were measured. The
average density of the oven-dry specimens was 0.44 g/cm3 for inner
side specimens and 0.78 g/cm3 for outer side specimens. Consid-
ering that the report by Chuma et al. (1990) showed that the volume
fraction of vascular bundle was proportional to density, we can esti-
mate from the difference of density that the volume fraction of
vascular bundle in the outer region is higher than in the inner region
(Figure 1).
Specimens were kept in desiccators at 238C for 3 weeks to
achieve different levels of relative humidity (RH): 53%, 62%, 75%,
84%, and 92%. At the end of this process, the MC of the specimens
was in the range of 0.05–0.15. In this study, one specimen was
measured under each desorption condition. The repeatability of
creep behavior experiments was confirmed for multiple specimens
at 92% RH. Thus, it is clear that the systematic results are valid.
Creep tests were conducted in three-point center concentrated
load bending with a 70-mm span. The load was less than one-third
of the proportional limit load for the specimen conditioned at 92%
RH, which was applied to the LT plane along the direction from the
outer side face to the inner side of the specimen. The load was
600 g for the outer side specimens and 150 g for the inner side.
The creep during desorption was quantified in a chamber at 238C
and 20% RH. Another specimen with the same initial MC was
simultaneously weighed with an electrical balance in the same
chamber. The measurement period was approximately 24 h because
specimen MC almost leveled off. The temperature change in the
chamber during these tests was less than "18C, and the humidity
change was less than "3%. The creep of a specimen with constant
MC was also measured in the same chamber; this specimen was
wrapped in polyethylene film to keep the change in MC below
-0.005. A linear regression curve was obtained by plotting the
dimensions versus MC in each direction under initial, finished, and
oven-dried conditions. Creep compliance during desorption was cor-
rected by means of this regression curve concerning the dimension
change of specimens during the test.
Results and discussion
Figure 2 shows the creep compliance as a function of ln(t)
for the outer and inner side specimens with various constant
MCs. The creep compliance increased with the increase in
MC for both specimens, and the degree of relaxation for the
inner side was greater than that for the outer side. The relax-
ation of bamboo is smaller than that of wood. In general,
longitudinal creep compliance of moist or wet wood is
increased by 100% during 24 h (Schniewind 1966), whereas
bamboo with MCs investigated in this study shows a 5–20%
increase (Aoyagi and Nakano 2009). Results presented in
Figure 2 are in agreement with those of the latter quoted
work.
Figure 3a (inner side) and b (outer side) show creep com-
pliance and MC versus ln(t) during desorption over the range
of various initial MCs. The compliance change of the inner
side specimens was greater than that of the outer side spec-
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Figure 3 Creep of bamboo specimens with various moisture contents during desorption. (a) Inner part, (b) outer part (see Figure 1).
Figure 4 Dependence of d MC/d ln(t)max and ln(t)max on the initial
MC.
Note: d MC/d ln(t)max, the maximum desorption rate; ln(t)max, the
logarithm of that time.
imens. This implies that a higher volume fraction of vascular
bundle results in a lower creep deformation, as previously
reported by Inokuchi et al. (2002) and Aoyagi and Nakano
(2009). Note that a higher initial MC resulted in a greater
compliance change.
Figure 4 shows the MC change in the measurements of
Figure 3. The relationship between the maximum desorption
rate and the initial MC was linear for both the outer and
inner side specimens. The relationship between the time of
the maximum rate and the initial MC was also linear, and it
was different for the inner part and the outer part of the
specimen with the time of the maximum desorption rate
being less for the former than for the latter. This means that
the desorption rate of the inner part reached its maximum
more quickly.
We compared the creep compliances for the outer and
inner side specimens with approximately the same initial MC
to analyze the difference in creep behavior between a con-
stant MC process and desorption process. The instantaneous
creep compliance values at ln(t)s0, i.e., ts1 s were nearly
equal for specimens with the same initial MC. Figure 5
shows a comparison of the creep behaviors for two different
initial MCs for the outer and inner side specimens. In Figure
5, the creep compliance during the desorption process was
greater than that under the constant MC condition. It is also
visible that the difference in creep compliance between the
constant MC condition and the desorption process was great-
er for the inner than that for the outer side specimens. We
suggest that the mechano-sorptive effect is as a result of the
parenchyma, not the vascular bundle.
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Figure 5 Comparison of creep at a constant moisture content with
that during desorption.
Figure 7 Relationships between creep compliance and moisture
content for creep during desorption.
Figure 6 Comparison of creep compliance at 104 s for a constant
moisture content with that during desorption.
The difference in creep behavior between the constant MC
condition and the desorption process was compared based on
the values of creep compliance at ts104 s, as presented in
Figure 6. The 104 s is adopted as the time that mechano-
sorptive effect appeared satisfactory. The plots should be on
the line ysx when both creep compliances are equal. For
the outer side specimens, the plots were almost on ysx,
i.e., the mechano-sorptive effect was not effective. In con-
trast, the plots were far from ysx for the inner side speci-
mens; this was particularly evident for MCs greater than
0.09. Hailwood and Horrobin (1946) reported that this MC
level is near the lower limit value for the dissolved water of
wood applying the Hailwood and Horrobin theory, which is
closely related to swelling.
These results show that the mechano-sorptive effect is
present not only in wood but also in bamboo and that it is
dependent on the fine structure of bamboo and occurs par-
ticularly in the parenchyma and not in vascular bundle.
In general, we must consider two factors in the relaxation
process under changing moisture conditions: the high-order
structure and the MC change of a specimen. In this regard,
Hunt (1984) and Hunt and Shelton (1987, 1988) pointed out
the importance of considering the relationship between creep
compliance and MC in the analysis of mechano-sorptive
creep. No descriptions of this relationship for bamboo have
been reported, but many studies have shown that it was linear
for wood.
Figure 7 shows that the relationship between the creep
compliance and the MC in this study appears to be linear
like that of wood during desorption. The slope depends on
the initial MC, but the dependence is clearly different in
Figure 7 for the outer and inner side specimens. Figure 8
shows the relationship between the initial MC and the slope
calculated from Figure 7. The absolute values of the slope
for the outer side specimens were very low and independent
on the initial MC, unlike those for the inner side specimens.
More specifically, the absolute values for the inner side spec-
imens decreased as the initial MC increased. Considering the
relationship between the initial MC and the maximum
desorption rate shown in Figure 4, this means that larger
maximum desorption rates were related todMC/d ln(t)max
lower creep compliance rates with MC d J(t)/dMC.
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Figure 8 Dependence of dJ(t)/dMC on the initial MC for the outer
and inner side specimens.
Note: dJ(t)/dMC is the slope in Figure 7.
Conclusions
The effects of the fine structure and desorption conditions
on creep compliance were examined on the basis of creep
behavior under various desorption conditions for moso bam-
boo. A mechano-sorptive behavior was observed. This effect
was more pronounced in the inner part of the bamboo, which
is rich in parenchyma. The effect decreased as the ratio of
the vascular bundle to parenchyma increased. The results
demonstrate that the parenchymatic cells are the key com-
ponents involved in mechano-sorptive behavior. The bundle
sheath containing the vascular bundle had little influence on
the mechano-sorptive effect. Based on these results one
could assume that the mechano-sorptive effect of wood is
also closely related to the amorphous matrix in the wood
components. Our future research will include the study of
bamboo creep during desorption-adsorption cycle testing.
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